Haemophilus ducreyi colocalizes with polymorphonuclear leukocytes and macrophages and evades phagocytosis during experimental infection of human volunteers. H. ducreyi contains two genes, lspA1 and lspA2, which encode predicted proteins of 456 and 543 kDa, respectively. Compared to its wild-type parent, an lspA1 lspA2 double mutant does not inhibit phagocytosis by macrophage and myelocytic cell lines in vitro and is attenuated in an experimental rabbit model of chancroid. To test whether expression of LspA1 and LspA2 was necessary for virulence in humans, six volunteers were experimentally infected. Each volunteer was inoculated with three doses (ranging from 85 to 112 CFU) of the parent (35000HP) in one arm and three doses (ranging from 60 to 822 CFU) of the mutant (35000HP⍀12) in the other arm. The papule formation rates were 88% (95% confidence interval [95% CI], 76.8 to 99.9%) at 18 parent sites and 72% (95% CI, 44.4 to 99.9%) at 18 mutant sites (P ‫؍‬ 0.19). However, papules were significantly smaller at mutant sites (mean size, 24.8 mm 2 ) than at parent sites (mean size, 39.1 mm 2 ) 24 h after inoculation (P ‫؍‬ 0.0002). The pustule formation rates were 44% (95% CI, 5.8 to 77.6%) at parent sites and 0% (95% CI, 0 to 39.4%) at mutant sites (P ‫؍‬ 0.009). With the caveat that biosafety regulations preclude testing of a complemented mutant in human subjects, these results indicate that expression of LspA1 and LspA2 facilitates the ability of H. ducreyi to initiate disease and to progress to pustule formation in humans.
Haemophilus ducreyi is a gram-negative, unencapsulated bacterium that causes chancroid, a genital ulcer disease. Although rare in the United States (11) , chancroid remains prevalent in some developing countries (33) . H. ducreyi is an important pathogen because it facilitates the acquisition and transmission of human immunodeficiency virus type 1 (8, 33) .
The H. ducreyi genome contains two extremely large open reading frames (ORFs), lspA1 and lspA2 (large supernatant protein), which encode predicted proteins that have calculated molecular weights of 456 and 543 kDa, respectively, and have 86% identity (40) . The protein product of the lspA1 gene is a very large antigen that can be detected in concentrated culture supernatants (40) . Although both lspA1 and lspA2 are transcribed in vitro, the LspA2 protein is not reproducibly detected in concentrated culture supernatants from several wild-type H. ducreyi strains (40) .
Both LspA1 and LspA2 are detected by their reactivity in Western blot analysis with specific monoclonal antibodies (MAbs) (39) . The whole-cell lysate of a double lspA1 lspA2 mutant, 35000HP.12, exhibits weak reactivity with LspA1-and LspA2-reactive MAbs, suggesting that this mutant may express truncated protein products (39) . Nevertheless, 35000HP.12 is significantly less virulent than 35000HP in the temperaturedependent rabbit model for chancroid (39) . In vitro, 35000HP.12 is readily engulfed by phagocytes (38) , whereas strains 35000 and 35000HP resist phagocytosis and inhibit phagocytosis of secondary targets (1, 28, 38, 41) .
To study H. ducreyi pathogenesis in humans, we developed an experimental infection model in which strain 35000HP and its derivatives are delivered to the skin of the upper arms of healthy volunteers by puncture wounds made by the tines of an allergy testing device (27, 32) . Papules form within 24 h of inoculation and either evolve into pustules in 2 to 5 days or resolve spontaneously. There is a significant effect of dose on pustule formation, and men are twice as likely to form pustules as women (3, 9) . In an individual inoculated at multiple sites, a pustule may develop at one site while another site resolves (5, 31) . However, outcomes at multiple sites within a subject tend to be similar, suggesting that there is a host effect on susceptibility to disease progression (28) . In reinfection experiments, some volunteers are repeatedly prone to pustule formation while others are prone to resolution (4, 28) , confirming that different hosts are differentially susceptible to disease progression versus resolution in the model (28) .
To test the role of putative virulence determinants in humans, mutant-parent comparison trials have been performed using the model (27) . In these trials, volunteers are inoculated with multiple doses of the parent on one arm and a mutant on the other arm. Volunteers serve as their own controls for the gender and host effects. To date, of 13 mutants tested (27, 29) , those that lack an intact flp locus, expression of the hemoglobin receptor (HgbA), the peptidoglycan-associated lipoprotein (PAL), or DsrA, an outer membrane protein (OMP) that is the major known determinant of serum resistance, are attenuated in their ability to form pustules (2, 10, 18, 29) .
In the human infection model, H. ducreyi colocalizes with polymorphonuclear leukocytes and macrophages (7) . However, H. ducreyi remains extracellular and evades phagocytosis in individuals who are prone to pustule formation (6) . In view of the facts that expression of either intact LspA1 or intact LspA2 is required for evasion of phagocytosis in vitro, expression of both proteins is necessary for full virulence in animals, and both genes are transcribed during experimental infection in humans (37) (38) (39) , we speculated that both lspA1 and lspA2 could be required for virulence in humans. For this study, a lspA1 lspA2 double mutant, 35000HP⍀12, which was constructed with ⍀ cassettes inserted near the very beginning of both the lspA1 and lspA2 ORFs and which lacks reactivity with a MAb that binds to both proteins (39) , was characterized and tested for virulence in the human challenge model.
MATERIALS AND METHODS
Bacteria and culture conditions. 35000HP is a human-passaged (HP) variant of 35000 and has been reported previously (5) . Construction of 35000HP⍀12 has been reported previously, but details of its construction and characterization were not fully described (39) . The recombinant plasmid pDad (39) , containing the 5Ј half of the lspA1 gene, was digested with BstBI, which cut the lspA1 ORF 103 nucleotides downstream from the translation initiation codon. The ⍀-Km2 (⍀kan) cartridge (23) was excised from pUC4-⍀Km2 by digestion with SmaI and ligated into the BstBI site in pDad-5, which had been blunt ended by treatment with the Klenow fragment of DNA polymerase I. This ligation reaction mixture was used to electroporate Escherichia coli DH5␣, and recombinant strains were selected on Luria-Bertani plates containing kanamycin (30 g/ml). One of these recombinant plasmids, designated pDad⍀kan, was propagated in E. coli HB101, digested with NdeI, and used to electroporate 35000HP as described elsewhere (20) . The H. ducreyi 35000HP⍀1 mutant containing the ⍀kan cassette inserted into its lspA1 gene was selected on GC-heme agar (34) containing kanamycin (30 g/ml). Next, the recombinant plasmid pCW118 (40) , containing the 5Ј half of the lspA2 gene, was digested with AgeI, which cut the lspA2 ORF 54 nucleotides downstream from its translation initiation codon. The ⍀cat cartridge was excised from pHP45⍀-Cm (17) by digestion with SmaI and then ligated into the AgeI site in pCW118, which had been blunt ended by treatment with Pfu polymerase. The ligation reaction mixture was used to electroporate E. coli DH5␣, and recombinant strains were selected on Luria-Bertani agar containing chloramphenicol (30 g/ml). The recombinant plasmid pCW118⍀, after propagation in E. coli HB101, was digested with EcoRI and used to electroporate H. ducreyi 35000HP⍀1; the lspA1 lspA2 double mutant 35000HP⍀12 was selected on chocolate agar containing chloramphenicol (0.6 g/ml).
The ⍀kan and ⍀cat cartridges used in the construction of 35000HP⍀12 contain antibiotic resistance cartridges and ⍀ fragments (17, 23) . However, the ⍀cat cassette is approximately 3,000 bp and the ⍀kan cassette is approximately 2,200 bp, both larger than what one would expect if they contained primarily antibiotic resistance coding sequences. To gain institutional biosafety committee approval for use of 35000HP⍀12, the nucleotide sequence of each cassette was examined. The ⍀cat cassette contained a cat ORF of 639 bp and approximately 2,400 bp of flanking sequence. The ⍀kan cassette contained a kan ORF of 742 bp and approximately 1,500 bp of flanking sequence. Each cassette contained multiple putative ORFs that could encode short polypeptides but contained no additional antibiotic resistance markers or transposable elements. The mutant was approved for use in human subjects.
All H. ducreyi strains were grown on chocolate agar plates supplemented with 1% IsoVitaleX and incubated at 35°C with 5% CO 2 , or they were grown in broth consisting of proteose peptone, 50 g of hemin per ml, 1% IsoVitaleX, and 5% heat-inactivated fetal calf serum, or in supplemented Columbia broth as described elsewhere (38) . Where appropriate, the medium was supplemented with kanamycin (30 g/ml) and chloramphenicol (1.5 g/ml).
Comparison of the mutant and parent. Genomic DNAs from strains 35000HP and 35000HP⍀12 were digested with BlpI or EcoRV, and Southern blots were probed with portions of either the lspA1 or lspA2 coding sequence, the ⍀kan ORF, or the ⍀cat ORF as described previously (39) . Lipooligosaccharides (LOS), OMPs, and whole-cell lysates were prepared from 35000HP and 35000HP⍀12 and were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis as described elsewhere (18) . In Western blot analyses, whole-cell lysates were probed with MAb 3B9, which binds to PAL;
MAb 5A9, which binds to HgbA; MAb 3F12, which binds to a major outer membrane protein (MOMP); MAb 2C7, which binds to MOMP and OmpA2; rabbit polyclonal sera to recombinant DsrA (kindly provided by Christopher Elkins); or rabbit polyclonal sera that bind to Flp1 and Flp2 as described elsewhere (12, 18, 21, 22, 30, 35) .
Phagocytosis assays. The abilities of wild-type and mutant strains of H. ducreyi to inhibit phagocytic activity were measured by using the mouse monocytemacrophage cell line J774A.1 (TIB-67; American Type Culture Collection, Manassas, Va.) and opsonized fluorescent microspheres as described previously (38) . Briefly, bacteria were incubated with the J774A.1 cell monolayers for 1 h at 33°C, and then the microspheres were added. After a 40-min incubation, unbound microspheres were removed by washing. The percentage of phagocytic cells containing fluorescent microspheres was determined by counting at least 100 cells in each sample.
Human challenge protocol. Healthy adult male and female volunteers over the age of 18 years were recruited for the study. Volunteers gave informed consent for participation and for human immunodeficiency virus serology, in accordance with the human experimentation guidelines of the U.S. Department of Health and Human Services and the Institutional Review Board of Indiana University-Purdue University of Indianapolis. The experimental challenge protocol, preparation and inoculation of the bacteria, calculation of the estimated delivered dose (EDD), clinical observations, and surface cultures were carried out exactly as described previously (2, 5, 31, 32, 36) . When a papule was present, the area of erythema was calculated by measuring the greatest dimension vertically and horizontally in millimeters and then multiplying the two measurements. The areas were measured and recorded by a physician who was blinded to the identity of the inoculum used at each site. Volunteers were observed until they reached a clinical end point, defined as either 14 days after inoculation, development of a pustule that was either painful or greater than 4 mm in diameter, or resolution of infection at all sites. Once a clinical end point was achieved, the code was broken, and sites with active disease, if present, were biopsied with punch forceps. The volunteers were then treated with two doses of oral ciprofloxacin as described previously (5, 32) .
Statistical analysis. Comparisons of papule and pustule formation rates for the two strains were performed using a logistic regression model with generalized estimating equations (GEE) to account for the correlation among sites within the same individual, as described previously (29) . The GEE sandwich estimate for the standard errors was used to calculate 95% confidence intervals (95% CI) for these rates except when the rate was zero, and the estimate could not be calculated. For those cases (pustule formation rates for the 35000HP⍀12 strain), the exact binomial confidence intervals were calculated based on the number of volunteers rather than the number of sites.
Phenotypes of recovered bacteria. To confirm that the inocula were correct and that no phenotypic changes occurred during infection, individual colonies from the inocula, surface cultures, and biopsy specimens were picked, suspended in freezing medium, and frozen in 96-well plates. The colonies were scored for susceptibility to chloramphenicol and kanamycin on chloramphenicol-and kanamycin-containing chocolate agar plates. If available, sufficient colonies (n Ն 30) from an individual specimen were scored so that there was a 95% probability that Յ11% of the colonies would have the incorrect phenotype (2) .
RESULTS

Characterization of 35000HP⍀12.
To confirm that 35000HP⍀12 contained only single copies of the appropriate antibiotic resistance cartridges in lspA1 and lspA2, genomic DNAs isolated from 35000HP and 35000HP⍀12 were subjected to Southern blot analysis using probes for lspA1, lspA2, ⍀kan, and ⍀cat. Southern blotting demonstrated that a single copy of the ⍀kan cassette was present in the lspA1 gene and a single copy of the ⍀cat cassette was present in the lspA2 gene (data not shown).
In supplemented Columbia broth, 35000HP and 35000HP⍀12 had similar growth rates and grew to similar extents (data not shown). In the proteose peptone broth approved for preparation of the human challenge inocula, the 35000HP⍀12 mutant had a slower generation time (5 h) than 35000HP (2.5 h) (Fig. 1) . The final density of the 35000HP⍀12 culture was also consistently lower than that of the 35000HP The LOS profiles demonstrated no differences between the mutant and the parent (data not shown). The OMP pattern of 35000HP⍀12 was similar to that of 35000HP, except for decreased expression of a band with an apparent molecular weight of 40 kDa (Fig. 2) . The 35000HP⍀12 mutant also expressed a reduced amount of MOMP, as revealed by Western blot analysis with MAbs 3F12 and 2C7 (Fig. 3 ). Both of these changes had been observed previously for the original 35000HP.12 mutant (39). Western blots of whole-cell lysates were probed with antibodies that bind proteins required for virulence in the human challenge model, including PAL, DsrA, and HgbA (2, 10, 18). The amount of each protein expressed by the mutant was similar to that for the parent (Fig. 3 and data not shown). In addition, the mutant showed slightly increased expression of Flp1 and Flp2 (Fig. 3) . Thus, these lspA1 and lspA2 mutations not only abolish expression of LspA1 and LspA2 but also result in detectable perturbations in OMP profiles, as has been described for 35000HP.12 (39) .
Phagocytosis assays. The H. ducreyi wild-type strain 35000HP, the original lspA1 lspA2 mutant 35000HP.12 (39) , and 35000HP⍀12 were tested for their abilities to inhibit phagocytosis of opsonized fluorescent microspheres by murine J774A.1 cells, a macrophage-like cell line. This was done to confirm that the new 35000HP⍀12 mutant also lacked the ability to inhibit phagocytic activity. As expected, in contrast to the wild-type parent strain (Fig. 4, lane 1) , both the original lspA1 lspA2 mutant 35000HP.12 (Fig. 4, lane 2 ) and the 35000HP⍀12 mutant (Fig. 4, lane 3) were unable to inhibit phagocytosis of these microspheres.
Human inoculation experiments. Six healthy adults (five females, one male; age range, 18 to 56 years; mean age Ϯ standard deviation, 30 Ϯ 14 years) volunteered for the study. Three individuals (volunteers 236, 237, and 238) were challenged in the first iteration, and three (volunteers 239, 240, and 241) were challenged in the second iteration.
An escalating dose-response study was used to compare the virulence of the mutant and the parent. We initially inoculated three volunteers on both arms. One arm was inoculated at three sites with 35000HP, with an EDD of 85 CFU. The other arm was inoculated at three sites with 35000HP⍀12, with EDDs of 60, 120, and 240. Papules developed at seven of nine sites inoculated with the parent strain and four of nine sites inoculated with the mutant ( Table 1 ). All mutant papules resolved (Table 1) . Pustules developed at five of nine sites inoculated with the parent strain and at none of the nine sites inoculated with the mutant (Table 1) .
Since the ability of the mutant to cause pustules was impaired, we infected three more volunteers and increased the dose of the mutant. For this group of volunteers, three sites were inoculated with EDDs of 206, 411, and 822 CFU of 35000HP⍀12. Three sites were inoculated with 112 CFU of the parent strain. All parent sites (nine of nine) and all mutant sites (nine of nine) developed papules (Table 1) . No mutant sites developed pustules, while three of nine parent sites developed pustules (Table 1) . Thus, the ability of 35000HP⍀12 to form pustules was impaired, even at doses 10-fold greater than that of the parent.
The cumulative results for the two iterations showed that papules developed at 88% (95% CI, 76.8 to 99.9%) of sites inoculated with 35000HP and at 72% (95% CI, 44.4 to 99.9%) of sites inoculated with 35000HP⍀12. During the trial, we noted that papules on one arm appeared smaller than papules on the other arm. We calculated the surface area of papule erythema at each site 24 h after inoculation, after the code was broken. The surface areas of mutant papules (mean size, 24.8 mm 2 ) were significantly smaller than those of the parent papules (mean size, 39.1 mm 2 ) at 24 h (P ϭ 0.0002). Thus, the ability of the mutant to initiate infection seemed impaired.
Overall, pustules formed at 8 of 18 (44%; 95% CI, 5.8 to 77.6%) sites inoculated with 35000HP compared to 0 of 18 (0%; 95% CI, 0 to 39.4%) sites inoculated with 35000HP⍀12 (P ϭ 0.009). Thus, the ability of the mutant to form pustules was also impaired compared to that of the parent.
Recovery of bacteria and confirmation of phenotypes.
For the two parent and two mutant broth cultures used to prepare the inocula, all 94 parent colonies and all 93 mutant colonies tested were phenotypically correct (the mutant was chloramphenicol resistant [Cm r ] and kanamycin resistant [Kan r ]; the parent was Cm s and Kan s ). Of the 18 sites that were inoculated with the parent, 8 (44%) yielded at least one positive surface culture, while 0 of 18 mutant sites yielded a positive surface culture. No mutant sites were biopsied. Eight parent pustules were biopsied. Five were processed for other purposes and were not cultured. Of three parent biopsy specimens that were cultured, two yielded H. ducreyi. All colonies obtained from surface cultures (n ϭ 245) and biopsy specimens (n ϭ 39) from parent sites were phenotypically correct (Cm s and Kan s ). Thus, all colonies tested from the inocula, surface cultures, and biopsy specimens had the expected phenotype. 0  237  M  5  35000HP  3  2  1  35000HP⍀12  1  1  238  F  6  35000HP  3  3  35000HP⍀12  3  3  239  F  8  35000HP  3  3  35000HP⍀12  3  3  240  F  6  35000HP  3  3  35000HP⍀12  3  3  241  F  6  35000HP  3  3  35000HP⍀12  3  3 a Volunteers 236, 237, and 238 were inoculated in the first iteration, and volunteers 239, 240, and 241 were inoculated in the second iteration. Each volunteer was inoculated at three sites with 35000HP and at three sites with 35000HP⍀12. b M, male; F, female. 
DISCUSSION
35000HP⍀12 was similar to 35000HP.12 in terms of its phenotype, including detectable perturbations in its OMP profile, tendency to autoagglutinate, and the inability to inhibit phagocytosis in vitro. Although loss of expression of LspA1 and LspA2 has pleiotropic effects, we thought comparing the virulence of 35000HP with that of 35000HP⍀12 in humans was justified, given that evasion of phagocytosis is a major feature of the pathogenesis of experimental H. ducreyi 35000HP infection in humans (6, 27) . 35000HP⍀12 formed papules at a rate similar to that of 35000HP, but mutant papules were significantly smaller. H. ducreyi was recovered intermittently from surface cultures of parent-inoculated sites and was not recovered from mutant-inoculated sites. The pustule formation rates were also significantly different. These data indicate that 35000HP⍀12 was unable to survive host defenses as well as 35000HP.
35000HP resists uptake by phagocytic cell lines, polymorphonuclear leukocytes, and macrophages in vitro (1, 38, 41) , but 35000HP⍀12 is unable to inhibit phagocytic activity (Fig.  4 ). In the human challenge model, 35000HP remains extracellular and evades phagocytosis in individuals who form pustules (6) . We cannot visualize 35000HP in lesions until the organism has achieved a density of approximately 500 CFU (6) . With the parent, this likely occurs 48 h after inoculation (6) . Our protocol permits biopsy of sites with active disease only at the clinical end point. All sites inoculated with 35000HP⍀12 resolved clinically. Although we did not biopsy any mutant-inoculated sites and examine the relationship between the mutant and host cells, it seems likely that 35000HP⍀12 was unable to resist uptake and killing in vivo.
35000HP⍀12 grew at a rate similar to that of 35000HP in supplemented Columbia broth but grew at half the rate of the parent in the proteose peptone medium approved for the human challenge studies. Whether 35000HP⍀12 and 35000HP had different growth rates in vivo is not known, and we cannot exclude a decreased growth rate as a mechanism of attenuation. The inocula were prepared from mid-log-phase cultures, and the estimated CFU injected at mutant sites was as much as eightfold higher than that at parent sites. Given the propensity of 35000HP⍀12 to autoagglutinate, the delivered dose may have actually been higher than what we estimated by colony counts, yet 35000HP⍀12 formed no pustules.
Given the pleiotropic effects of elimination of LspA1 and LspA2 expression, we investigated whether other virulence determinants of the organism were affected in the mutant. In previous studies, mutations in the hgbA, pal, dsrA, and tadA genes impaired the ability of H. ducreyi to form pustules in humans (2, 10, 18, 29) . 35000HP⍀12 and 35000HP expressed similar amounts of the proteins encoded by these genes. 35000HP⍀12 did express increased amounts of Flp1 and Flp2, but these are unlikely to affect virulence negatively, since the tadA mutant, which still expresses Flp1 and Flp2, the first two gene products of the flp operon that contains tadA, was less virulent in humans than its parent, 35000HP (29) . Western blotting also showed decreased expression of MOMP and parental levels of OmpA2, both of which are OmpA homologues (21) . A MOMP mutant, which expressed parental levels of OmpA2, was fully virulent in the human infection model (36) , and it is unlikely that a change in the expression of MOMP affected the virulence of 35000HP⍀12. National and local biosafety committees have precluded our testing of a mutant complemented in trans in human subjects because they do not want normal skin flora to acquire a plasmid encoding a virulence determinant. We did not test a repaired mutant, because a challenge with a repaired mutant would not address the possibility that the mutant was impaired due to polar effects of the ⍀kan or ⍀cat insertion in lspA1 and lspA2 on downstream genes or that another mutation had occurred during the repair. With the caveat that we did not test a complemented or repaired mutant, this is the fifth demonstration that a putative virulence factor of H. ducreyi facilitates pustule formation in humans.
The mechanism by which expression of LspA1 and LspA2 confers resistance to phagocytosis is unclear. However, several proteins that share homology with LspA1 and LspA2 are important virulence determinants for other species. A central region of both the LspA1 and LspA2 proteins shares Ͼ70% identity with the Haemophilus somnus P76 protein (15) . P76 is linked to the ability of H. somnus to resist the complementmediated bactericidal activity of bovine serum (13, 14) . The same region of both LspA1 and LspA2 shares 36% identity with the YopT cytotoxin of Yersinia enterocolitica (26, 42) . Interestingly, YopT, a cysteine protease (25) , is associated with resistance to phagocytosis (26, 42) . The H. ducreyi LspA1 and LspA2 proteins are 43% similar over their N-terminal halves to the Bordetella pertussis filamentous hemagglutinin (FHA), an important adherence factor (16, 24) . LspA1 and LspA2 are 45% similar to the Pasteurella multocida proteins PfhB1 and PfhB2, which are essential for virulence in the septicemic mouse model (19) .
In summary, these data show that expression of LspA1 and LspA2 is required for full virulence in humans. The mechanism by which the LspA1 and LspA2 proteins exert their inhibitory effect on phagocytosis is not yet clear. Further studies to determine the roles of LspA1 and LspA2 in phagocytosis and virulence expression will be required.
